












A set of commercial instrumentsmeasuring carbonmonoxide (CO), ozone (O3), sulfur dioxide (SO2), and nitrogen
oxides [nitricoxide (NO),nitrogendioxide (NO2),andoddnitrogens (NOX)]was integratedanddeployed inanon–
urbanenvironment.ThedeploymentoccurredbetweenJuly2,2007andAugust7,2007inRichland,WA.Themixing
ratios of all species were lower than in most rural–suburban environments, and strong diurnal patterns were
observed.NO2wasdepletedbyphotochemicallyformedozoneduringthedayandreplenishedatnightasozonewas
destroyed.Thehighestozoneconcentrationduringtheseepisodeswas45ppb.Theoverallaveragewas15ppbwith


























Atmospheric trace gases are chemical compounds found in
very low concentrations in the atmosphere;despite low concenͲ




the environmental impacts that can be expectedwithmodificaͲ
tions to their sources and sinks. Ozone (O3), nitrogen oxides





Accurate in–situ measurements are crucial to provide the
foundation for investigating complex photo–oxidation processes.
With population growth being a common phenomenon inmany
ruralareas,historicalrecordsarebecomingincreasinglyimportant
to identifyairqualitytrendsassociatedwith localsourcesrelative
to increases resulting from long range transport. The Tri–Cities,
including Richland, Pasco, and Kennewick in the state of
Washington,isoneofthestatisticallyfastestgrowingmetropolitan
areas in the country, defined as a core urban areawith at least
50000people(USCBa,2008).Itaddedalmosttwentypercenttoits
population in the last six years (Cohen, 2007), indicating the
importance of documenting air quality before the area becomes
farmoredeveloped.

The study presented here has two purposes. From an
engineering standpoint, themotivationwas to integratemultiple
tracegasanalyzers intoonesystemand identify issues related to




data collection, display, and analysis. In addition, the Thermo
Electron, Inc., trace gas analyzers used in this studywere being
updatedfromC–Seriestoi–Series.Theneweri–Seriesinstruments
offer improvedmeasuring capabilities, user options, and storage
space.Thisworkgivesapracticalsolutiontoissuesassociatedwith
acquiring data from instruments having different manufacturer
configurations. For instance, compared with standard serial
connections, our approach provides fast time resolution as each





Richland,WA. Richland is a rural yet growing area in the Pacific
NorthwestregionoftheUnitedStates,whichatpresenthasozone
concentrations far less than those found in urban parts of the
UnitedStates.Ruralareashavehistoricallybeenunderrepresented
when studying air pollution and a data set for Richland prior to
majorgrowthmayproveveryvaluableinitsfuture.Sourceregions
associated with “high” ozone episodes were studied using the
National Oceanic and Atmospheric Administration’s (NOAA)
HYSPLIT model to identify the back trajectories of air parcels
associatedwithelevatedpollutants.Thedeploymenttookplacein











trace gas analyzers (Thermo Electron) for O3, CO, SO2, and
NO/NO2/NOX. The instruments were installed in an instrument
rack, and the resulting unit deployed just south of the main
campus of the Pacific Northwest National Laboratory (PNNL) in
Richland,WA (lat46°21’N, long119°17’W,elevation120mMSL)
(Figure 1). Maps were made using the ESRI ArcMap software
(version9.3).Thegeographic informationwasobtained from the
Washington StateDepartmentof Transportation (WSDOT, 2010).
The instrumentswerearranged intherackaccordingtohowdata
were logged insequence.Aswillbedescribed inmoredetail, the
O3 analyzerwas used to communicate between the data logger
andtherestofthe instruments.Samplecollectionwasperformed
between July 2 andAugust 7, 2007. Local standard time (Pacific




Figure 1. Top is a map of the Pacific Northwest with selected ozone




All of the instruments were connected to a Campbell
Scientific, Inc., (C.S.) CR23X Micrologger. The data logger
communicatedwith aDell Laptop foron–linedisplay via a serial
cable. The data acquisition program was written in Edlog, a
programming tool within C.S.’s Logger Net (C.S., 2002), and
downloadedtothedatalogger.Thedataloggerwasusedtostore
selectedinstrumentoutputsandcontrolinstrumentzeroandspan
checks twice a day. Instrument readings were measured as
voltages from theanalogvoltageoutputsof the instrumentsand
transmitted to the differential voltage analog inputs of the data
logger (see the Supporting Material, SM, Figures S1 and S2).
Ambient air was sampled through ¼–in Teflon sampling tubing,
whoseinletwasapproximatelyfourmetersabovethegroundand
passedthroughasamplingportinthewall.Figure2illustrateshow
air passed through Teflon filters (2μm pore, 47mm Zefluor,
Gelman P5PJ047) before entering into the instruments’ sample
bulkhead.Theexhaust lines fromeach instrumentwerecollected






calibratoruses twomass flow controllers to regulate the flowof
zero and span gas, and a Teflon mixing chamber to achieve
complete mixing of the two components at the desired
concentration level. High purity zero air containing less than
0.5ppm total hydrocarbons was used, while the standard gas
mixture consisted of 10.1ppm NO, 10.1ppm CO, and 10.0ppm
SO2, balanced with high purity N2. The ozone analyzer was








Electron,Model 43i). CO was determined by a Trace Level CO
Analyzer(ThermoElectron,Model48C).Nitrogenoxides(NO,NO2,
andNOX)weremeasuredwith a Trace LevelChemiluminescence
NO–NO2–NOX analyzer (Thermo Electron, Model 42C). The
ozonatorused toconvertNO toNO2 requiresasupplyofdryair,
andDrierite(Cole–Parmer)wasusedtoremovewatervaporfrom
ambient air for this purpose.Amore detailed description of the
principlesofoperationoftheseinstrumentsisreportedelsewhere
(Platt, 1999) and the operation principles of each analyzer are
brieflysummarizedinTable1.

A Precision Spectral Pyranometer (PSP) (Eppley Laboratory)
wasused tomeasure thesolarradiationreachingEarth'ssurface.
The PSP uses a thermoelectric device that produces an electric
currentproportional to thebroadband shortwave solar radiation
reachingthedetector.Thedetector ispaintedblackandmounted
in an optical glass sphere for protection from the elements. It
samplesatwavelengthsbetween0.3μmand3μmatoneminute
intervals. A humidity measurement probe (Vaisala, Model
HMP45C) was used to measure the temperature (in degrees
Celsius)andrelativehumidityofthesampledair.Windspeedand
directionweremeasuredbyapropelleranemometer(R.M.Young,
Model05103WindMonitor) locatedabout fifteenmeters to the





Background concentration checks using zero air were
conductedtocorrectinstrumentdrift.High–purityairwassentinto
theinstrumentstoobtainadailytruezero.ItiscriticalthattheCO
instrument be continuously purged with a low purge flow (140
cc/minute recommended) of zero air, otherwise significant drift
may interfere with data quality. Purging is used to prevent


















O3(49i) O3absorptionofultravioletradiation(240nm) 20 0.5 <1ppb
NO/NO2/NOX(42C,TraceLevel) ChemiluminescencefromtheO3ͲNOreaction 60 0.05 Negligible
CO(48C,TraceLevel) COabsorptionofinfraredradiation(4.6μm) 60 40 <0.1ppm








concentrations,except for thatofCO,werequite low relative to
values reported elsewhere. SO2measurementswere on the low
end of the typicalmixing ratios of 1–20 ppb in rural–suburban
environments, agreeing with past findings (Finlayson–Pitts and
Pitts,2000).NO,NO2,andNOXaveraged0.6,12.2,and12.7ppb,
respectively,whileCOaveraged155ppb.TypicalO3mixingratios





mixing ratios in many other parts of the country, with minima
sometimes approaching the detection limit of the instruments
(Table1).O3,aswellasNOX,had thehigher standarddeviations
relative to their respectivemeanvaluesas compared toSO2and
CO. The minimum CO value is lower than literature values in








There were four episodes of elevated trace gas concenͲ














Figure 3 depicts the temporal variations of the trace gas
speciesandmainmeteorologicalparametersobservedduring the
deployment. Changes in the mixing ratios were frequently




Three episodes with elevated concentrations were noted in
chronologicalorderoverperiodsofapproximately1day(identified
in Figure 3). In most episodes, there was a slow increase in
concentration of all species to a peak on the day onwhich the
episode isdefined,whereupon theconcentrationsdecreasedand
anothercyclestarted.ThescatterplotbetweenhourlyaverageO3










Maxima and minima statistics represent oneͲminute values, while the
average and standard deviation statistics were derived from values
averagedeveryhour
Species Min.(ppb) Max.(ppb) Avg.(ppb) Std.Dev.(ppb)
O3 0.1 44.7 15.4 5.2
NO 0 21.2 0.6 0.5
NO2 0 36.7 12.2 4.2
NOx 0.2 54.6 12.7 4.7
CO 35.7 327.9 155 17.8




Diurnal patternswere observed in the time series although
therewerenotableexceptions.Diurnalvariations inO3,NO,NO2,
and NOXwere distinct (Figure 3),withminimum concentrations
often approaching zero. Photo–oxidation of precursor gases, like
carbonmonoxide, isprimarily responsible for thedaily rise inO3
(Nair et al., 2002). Provided there is a sufficient amount of
NO/NOX, theO3willpeakeachday in theearlyafternoonwitha
corresponding dip in nitrogen oxides (Ghude et al., 2006). The
diurnal variation of O3 and NOX is shown in Figure 5,with NOX
reaching its peak around 6 am (PDT) andO3 reaching a broader
peak between 1 pm and 3 pm.O3 production during the day is
drivenby thephotochemical reactionbetweenhydroxyl radicals,
organic peroxy radicals, andNO,while it is removed at night by
deposition and destruction by alkenes and NO (Gerasopoulos,
2006).TheconversionofNOtoNO2byO3duringthenight isthe




Figure 4. A scatter plot of hourly average O3 vs. hourly average solar
radiation(GSW).ThesolidlineisthelinearleastͲsquaresfit.

Although the details of the synoptic pattern varied from
episodetoepisode,thereweredistinctsimilarities.Strongridging
waspresentat500mbduringEpisodes Iand II thatgaveway to
relativelystrongcoldfronts,astheridgeaxisprogressedeastward
andlowpressureapproachedfromthenorthwest.Theupperlevel
features for the latter two episodeswere less amplifiedwith a
more zonal flow,but a cold front trailing a surface lowpressure
system to the north stillmoved through the area (HPC, 2007).
Wind directions varied and had minimal influence on pollutant
 Mioduszewskietal.–AtmosphericPollutionResearch2(2011)89Ͳ98 93
concentrations. Instead, the presence of a stagnant air mass
appeared to contribute themost to episodes of high trace gas
concentrations, agreeing with past observations that high O3 is









NOAA’s HYSPLIT model is often used to compute air
trajectoriesatdifferent levelsof theatmosphere. Ifairpollutants
can be assumed to travel with the mean air flow, then their
trajectories can be calculated using ameteorologicalmodel that
describesairmotionatdifferentlevelsoftheatmosphere.Figure6
showsbackwardairtrajectoriesproducedbyHYSPLITduringthree
episodes of elevated trace gas concentrations. The trajectories
usedGDAS1modeldataon a1degree latitude longitude spatial




is shown in Figure 7.  Panel I depicts Episode Iwhen the trace
gases,particularlyO3, registeredhigh.Windwas clearly from the
southeastandsouthduringthistime,whichisalsothelocationof
the most likely local pollution sources. The larger and more
industrialcitiesofPascoandKennewick lietento fifteenmilesto
theeastand southeast (seeFigure1),whilenearby to the south
are major roads, such as Highway 240, that accommodate
considerable trafficat times.Theseareall likely local sources for
this particular episode of elevated trace gases. Wind was
predominantly from the north and northwest during Episodes II
and IIIwhere there aremainly open lands and lack of pollution
pointsources(Figure1).Thewindspeedwasmuchweakerduring
theseepisodesowingtotheanticyclonenearby,andmuchofthe
pollutionwas likelydue to the stagnantairmasspresent inboth
episodes,asdiscussedpreviously(Vukovich,1995).
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There are two trajectories for each episode, which are
centeredthreehoursaroundthehourofthehighestmixingratios.
Wind roses were calculated for the same time to determine if
therewasaclearsourcefortheincreaseintheobservedtracegas
concentration (seeFigure7).Thewinddataandback trajectories
agree reasonablywellwith each other consideringHYSPLIT does
not model the relatively turbulent boundary layer (Draxler and
Hess,1998).Thedominantwinddirectionwassomewhatdifferent
ineachepisode, ranging fromsouth tonorthwestandnorth.The
southerlywind on the evening of July 13 during Episode I could
havebroughtinpollutantsprimarilyfromtrafficfromtheTri–cities
(particularly George Washington Way; see Figure 1) while
pollutants fromthenorthandnorthwestonJuly26andAugust2
(Julian day 207 and 214) during Episodes II and III respectively
couldhavebeennearby roads suchasHighway240andStevens




plotted inFigure8.Only inEpisode IdidO3andSO2peakat the
sametime,whichindicatedthataplumewastransportedfromthe
south and caused elevated O3 at the observation site. During







free radical production (Walcek and Yuan, 1995). NOX plays a
critical role in thephotochemical formationofO3, andhasbeen
foundtobealimitingfactorintheatmosphereatruralandremote
locations(FinlaysonͲPittsandPitts,2000).Theprincipleformation
of ozone is by the reaction of atomic oxygen (O) and diatomic
oxygen (O2). In the troposphere, the major source of atomic
oxygen is from the photochemical cycle involving NO, NO2, and
photolysis.ToolittleNOX,forexample,resultsin“NOXsensitive”O3
chemistry,wheretheamountofO3thatcanbeproducedislimited
by the amountofNOX available to react (Kleinmanet al.,2005).
Since VOCmeasurementswere not available on site, itwas not
possible to investigate the chemistrybetweenVOCsandO3/NOX.
However, the analysis of NOX and O3 was conducted with the

















The scatterplotsofO3vs.NOXandOxvs.NOXare shown in
Figure9.The top twopanelsdepict thehourlyaverageofO3vs.
NOX andOx vs.NOX for theentire samplingperiod.O3 increased
with decreasing NOX concentration. The oxidant concentration
(OX), where [OX]=[O3]+[NO2], is often used in determining the
dominant channel forNO2 formation inaparticularenvironment
(Itano et al., 2007). An increase in the OX concentrations was
observedwhich implies theoccurrenceof the radicalchannel for








(i.e., the O3 background) and a linearly NOX–dependent “local”
contribution (Clapp and Jenkin, 2001; Jenkin, 2004a; Jenkin,
2004b). The solid lines are linear regression fits in the top two
panels.TheslopeandinterceptforO3vs.NOXare–0.61±0.05and
21.45±0.82 (r2=0.88), respectively.The slopeand intercept forOX
vs.NOXare0.39±0.05and21.45±0.82 (r2=0.75), respectively.Our
regional (i.e. NOX–independent) contribution to oxidant is 21.4
ppb,muchlowercomparedtothosederivedata35ppbaveraged
frommultiplesitesinJulyandAugustintheUK(ClappandJenkin,
2001).The local (i.e.NOX–dependent)sourceofOX inRichland is
much higher than those in the same study by Clapp and Jenkin
(2001).Forexample,theoxidantslopesforJulyandAugustinthis
UKstudyarea0.1,whereasourslope isa0.4. This indicates that
theregionalbackgroundofoxidant inRichland isfairly low.Clapp
and Jenkin (2001) also showed that the local NOX–dependent
oxidant contribution has remarkably little variationwith season,
i.e. a10% of NOX level throughout the year. Therefore, the




One of the most important local NOX–dependent contriͲ
butionsisroadtrafficexhaust.Thisisprobablythemostimportant
source ofOX inRichland.Another source of local oxidant comes
fromNOreactionwithoxygentoformNO2,whichisdependenton
NOconcentration.ThismaynotbeasignificantsourceinRichland,
since theNOconcentration remained fairly low (i.e.avgerage0.6
ppb) through the entire sampling time. Sunlight–initiated free
radicalcatalyzeddegradationofVOCinthepresenceofNOXleads
totheoxidationofNOtoNO2.Thisdependsonthephotolysisrates
of radical formation and chain length of NO2 formation.
UnfortunatelyVOCandphotolysisrateswerenotmeasured,sono
further conclusion can be drawn from the other two potential
sourcesoflocaloxidants.

Several factorsmay explainwhy O3mixing ratios remained
low inRichland.Rapidfreeradicalproduction is likelytoconsume
much of theO3 due to the high solar flux observed in Richland
duringthesummer.Solarflux,measuredasshortwaveradiationin
W/m2,was plottedwithO3mixing ratios, relative humidity, and
temperature(Figure3).Watervaporenhancestheremovalrateof
free radicalproduction,particularly in low–NOXenvironments, so
the lackofwatervapor inRichlandasrepresentedby lowrelative
humidity supports the aforementioned free radical hypothesis
(WalcekandYuan,1995).Thehourlyaverage solar flux,O3,NOX,
CO,andSO2areplottedinFigure5.Ithasbeendemonstratedthat
O3andsolar radiationare related (VukovichandSherwell,2003).
The high ozone days generally concur with high solar radiation
measurements on the surface. High radiation usually results in
highersurfacetemperatures.Itisnotsurprisingtoobserveaweak
positive correlation between solar radiation and ozone, as the
linear least–squares fit produces a slope of 0.0083±0.0006 and
intercept of 12.6±0.3 with r2=0.18. (Figure 4). Summer solar
radiationinRichlandisgreaterthaninmuchofthecountrydueto
lackof cloud cover (NCDC, 2008), and this couldhave facilitated
freeradicalproduction.On theotherhand,ozonecanbe formed
anddestroyedbyfreeradicals,suchashydroxylorperoxyradicals,
formed from photolysis. Past calculations indicated that ozone
reduction ispossible inmostareaswhen theUV radiation in the
troposphereincreases,whichgiveschangesinthedissociationrate
for ozone yielding radicals such as (O1D). This increase in
photodissociation induces tropospheric hydroxyl radicals. While
thelevelsofhydroxylradicalsandhydrogenperoxideincrease,the








were compared to those in LosAngeles, CA (16million), Seattle
(3.5million)andSpokane,WA(a400000),andMission,OR(town
populationofa1000) in2007 (USCBb,2008).Spokanereporteda
fourthmax8–hourO3 valueof64ppb, Seattle reported46ppb,
andvalueswerecommonlyover100ppb in theLosAngelesarea
(EPA, 2008).Mission is only 54miles to the south–southeast of
Richlandand is theonlyotherEPA tracegasobserving station in







in Richlandwaswell below 40 ppb. The ozone concentration in
Richland is lowercomparedwithother locationsalong thePacific
region,where theaverageO3value in theozonegrowing season
(MaythroughSeptember)rangesfrom19–58ppbin1995and20–
65 ppb in 1996. Compared with the few locations with ozone
monitoringinthestateofWashington(WA),theaverageozonein
Richlandisabout5ppblower,i.e.,19–21ppbforotherstationsin
1995, and 20–25ppb in 1996 inWA. Specifically, comparable to
values observed in ClassI airsheds, such as the Mount Rainier
NationalPark(MOR),theaverageozoneconcentrationinRichland
(e.g. 15 ppb) is similar to that inMOR (e.g. 17.5 ppb) in July in




Even though Richland and Mission are in geographically–
similar locations, O3mixing ratios inMissionweremuch higher
than Richland. Although we cannot definitely establish an
explanationforthehighervaluesinMission,wewouldnotethatit
is eight kilometers directly east of amajor agricultural exchange
 Mioduszewskietal.–AtmosphericPollutionResearch2(2011)89Ͳ98 97
community(Pendleton,OR).Therefore it isnot inconceivablethat
therichNOXandVOCsmixtureassociatedwithtruckstopstothe
westmay be a source of the higherO3 reported at this site. In
addition, both Pendleton andMission lie on the Umatilla River,
whichcanactasanaturalcorridordownwhichpollutantsreadily
travel. Consequently, Mission likely receives much of its O3 by
advection from the west, whereas Richland’s O3 is primarily
generated in–situ when there is little air motion. Elevation is
similar between these two locations. The average elevation in
Pendleton is 300 – 365m above sea level, and the elevation in
Mission is370mabovesea level.Therefore,theeffectofaltitude
onsolarflux is insignificantbetweenthesetwo locations(Dvorkin
and Steinberger, 1999).While the data from Richland cover a5
weeks, this sampling period corresponds to a time of the year
whenO3typicallyreaches itshighest levels.Giventhe levelsofO3







This work provides a practical example in integrating
instruments and applying them to in–situ measurements.
Operating and maintaining the instruments for an extended
amountoftimeinthefieldisausefultestwhichservestobolster
confidence in their ability to collect quality data.Moreover, the
data collectedprovideuseful characteristicsof tracegases in the
underrepresented non–urban environment. This is of particular
interesttopollutantstudiesonRichlandbecauseoftheanticipated






This work was supported by the Office of Science and
Engineering Education and the Atmospheric Science and Global
Change Division at the Pacific Northwest National Laboratory,
Department of Energy. JohnMioduszewski would like to thank
Karen Wieda of PNNL’s Science Undergraduate Laboratory
Internshipprogram forher financial supportof the internship for
JohnMioduszewski. Supportwasalso from theOfficeofScience
(BER), U.S. Department of Energy, under the auspices of the





Information on “Gas analyzer integration methodology”, A
schematicdiagramoftheCR–23XMicrologger’sconnectionstothe
tracegasanalyzers(FigureS1),Aschematicdiagramofthewiring
connections between the data logger and specific pins on the
terminalblocksofeach instrument(FigureS2).This information is
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